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DETERMINATION OF REACTIVITIES USING PULSED NEUTRON TECHNIQUES
FOR HIGHLY SUBCRITICAL SOLUTION REACTORS

by Daniel Fienoc, Thomas A. Tox,
Robert A. Mueller, and C. Hubbard Ford

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Chio
INTRCDUCTION
The NASA zero power solution reachtors are convenient for performing

pulsed neutron experiments and meking corresponding calculations for systems
ranging from critical to highly subcritical. These reactors consist of
solutions of enriched (93.2 percent UZSS) uranyl fluoride salt (UO5Fs)
dissolved in water and contained in a cylindrical aluminum vessel. For a

given concentration of uranyl fluoride salt in water, critiecality is achieved

by adjusting the height of the solution. No control rods are associated with

(=

these sclution reactors. The geometry is thus ideal for performing pulsed
neutron experiments. The reactor used for the pulsed experiments reported
herein is described by Fox, et al.(l)

The NASA solution reactor can thus be pulsed as a subcritical, homo~-
geneous, unreflected thermel system. The reactor is made subcritical by
simply lowering the solution height. Since the system is homogeneous and
unreflected, the delayed component of each mode is expected to have the same
energy and spatial distributions as the corresponding prompt component. Thus,
several important theoretical limitations on the so-called "area" methods of
Garelis and Russell,(z) Sjostrand,(B) and Gozani(4) for determining sub-

critical reactivities are removed.

Reactivities were determined using these "area" methods and compared

to absolute criticality calculations for a large range of shutdown reactivities.
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In addition, the method of Simmons and King(S) for determining subcritical

reactivities from the measured prompt fundamental mode decay constants of

a subcritical and corresponding delayed critical system was applied.
EXPERTMENTAL GEOMETRY

Figure 1 is a schematic drawn to scale of the solution reactor used
for the pulsed neutron experiments. Although there is provision for a
water side reflector, the experiments were performed with the system unre-
flected. The inside diameter of the cylindrical tank is 76.2 centimeters.
For a fuel solution having a hydrogen to uranium-235 atom ratio of 975
the nominal solution height at delayed critical is 26.8 centimeters. The
resulting reactor is disk shaped with a height to diameter ratio of 0.35.
The cylindrical reactor vessel is made of aluminum having a side wall
thickness of 0.70 centimeters and a bottom plate thickness of 1.27 cen-
timeters.

The pulsed neutron source was centered at the bottom of the reactor
tank. The neutron detector was a BF, (96 percent Blo) proportional counter.
The measurements were made with this detector located in the fuel solution.
The detector was positioned at 0.44 of the tank radius and at two-thirds of
the solution height. The BF5 detector in this system acts as a point de-
tector (0.8 centimeter diameter) and does not appreciably perturb the
measurements.

EXPERIMENTAL PROCEDURE

For a given subcritical solution height, the reactor was pulsed repe-

titively until adequate counting statistics were obtained. Figure 2 is a

block diagram of the electronic equipment arrangement used for these ex-



-3 -

periments. The subcritical reactor was pulsed at a rate of 5 to 6 pulses
per second. The multichannel analyzer had a channel width of 400 microsec-
onds for subcritical systems near delayed critical while the width for the
highly subcritical systems was 50 microseconds. For systems near delayed
critical the data were collected overan interval of about 5 minutes while
for the highly shutdown systems about 90 minutes were required to obtain a
sufficient number of counts.

Figure 3 is a schematic representation of an idealized pulsed neutron
experiment. The background corrected logarithm of the detector response
is plotted as a function of the analyzer channel number. Shown is the
equilibrium delayed neutron contribution persisting following the decay
of the prompt neutron portion of the curve. The slope of the prompt por-
tion of the curve yields the prompt fundamental mode decay constant. The
areas corresponding to the time integrals of the prompt as well as the
delayed neutrons are also shown.on the figure.

Figure 4 indicates how the experimental data obtained for a subcriti-
cal reactor are related to the reactivities evaluated by the various "area"
methods mentioned previously. The reactivity in dollars for the "area"
method of Sjostrand is obtained by teking the ratio of the prompt neutron
area to the delayed neutron area. The reactivity in dollars for the "area"
method of Gozani is obtained by taking the ratio of the extrapolated prompt
fundamental mode area to the delayed neutron area. In the Garelis-~Russell
method, the prompt neutron response is weighted by the factor exp (ct),
then integrated over time. The quantity ¢ is adjusted so that this inte-

gral equals the prompt plus delayed neutron area. The reactivity in dollars



is then given by
o($) =2+ 1

where q,

o 18 a negative number, the prompt fundamental mode decay constant.

For the Simmons-King method the reactivity in dollars is given by

where o, is the prompt fundemental mode decay constant measured at delayed
critical.
The experimental data were reduced using & modified version of a com-

(8)

puter program developed by Masters. This program also computes experi-
mental errors based on counting statistics only.
ABSOLUTE CRITICALITY CALCULATIONS

One dimensional calculations along the axis of these cylindrical sys-
tems were performed using the 8n method. The aluminum bottom plate was
explicity considered in the transport calculations. The 84 approximation
with the elastic scattering treated in Py approximation was found to be
adequate in treating the neutron leakage from the ends of these suberitical
solution reactors. Radial leakage was calculated from the radial buckling
of the system. These calculations used eight energy groups - seven fast
and one thermal group which included an up-scattering transfer component.
The fast group cross sections were obtained using the GAM-II code(7) while
the thermal group cross sections were obtained using the GATHER-II code(e).

Calculations using this Sn method along with GAM-GATHER cross sections have

accurately predicted the criticality of these solution reactors over a wide
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range of composition and configuration.(g) For these experiments the de-
layed critical height was calculated to be 26.80 centimeters for the fuel
solution having a hydrogen to uranium-235 atom ratio of 975. This calcu-
lated value differs from the corresponding experimental value by less
than 0.20 centimeters.

The prompt fundamental mode decay constants and subcritical reacti-
vities for various solution heights were calculated from the Sn results
by a procedure described by Wallace, et al.(lo) Excellent discussions
of the calculation of the prompt fundamental mode decay constant and cor-
responding value of the subcritical reactivity are also given by Masters,

et a1, (11) (12)

and by Preskett, et al.
RESULTS

Using the methods discussed, calculations and experiments have been
performed for a range of fuel solution heights. The calculated variation
with solution height of the reactor perameters required are presented in
figures 5-8. Calculated values of the effective multiplication factor,
Keff’ are shown in figure 5. The Keff varies from gbout 0.84 to 1.00 for
a fuel solution height varying from sbout 13 to 26.8 centimeters. TFigure
6 shows the prompt neutron lifetime as a function of fuel solution height.
Over the range of fuel solution heights studied, the lifetime varies from
about 59 to 64 microseconds. TFigure 7 shows the variation of the effective
varies from

delayed neutron fraction, B with solution height.

eff Beff
0.00520 to 0.00736 over the range of fuel solution heights studied. The
value of B was taken as 0.0065 for uranium-235. TFigure 8 shows the varia-

tion of the parameter Beff/z as a function of fuel solution height. This
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parameter varies from about 89 to 115 per second over the range of fuel
solution heights studied.
Figure 9 shows the calculated and experimental value of the prompt

1 as a function of difference

fundamental mode decay constant, s in sec”
of solution height from delayed critical, AH, in centimeters. At delayed
critical the value of o, is about 115. Calculated values of o from 115
to about 2500 agree well with experimental values. This corresponds to
M varying from 0.to 7.5 centimeters. For values of AH from 7.5 to over
12 centimeters, the calculated values are somewhat higher than the cor-
responding experimental values. For the extreme values of AH the calcu-
lated values of a, are about 10 percent higher than the experimental
values. Table 1 shows the same data in tabulated form.

Figure 10 shows the calculated and experimental value of the reac-
tivity, p, in dollars as a function of solution height from delayed cri-
tical. The reactivity varied from zero to about 50 dollars. As can be
seen the "area" method of Sjostrand for determining reactivity agrees
reasonably well with ¢
"area" methods of Garelis-Russell and Gozani for determining reactivity
gave nearly the same values over the range considered. Both the Gerelis-
Russell and Gozani "area' methods gave higher values for the reactivity
by from 10 to 20 percent than did either the method of Sjostrand or the
theoretical calculations.

Table 2 presents the reactivity determinations in tabular form. Also
shown are values of the reactivity calculated by the method of Simmons and

King. Beyond a few dollars of reactivity, this method gave values con-

siderably lower than the calculated values.
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CONCLUSIONS

A number of conclusions result from this study of an unreflected,
homogeneous, thermal solution reactor from criticality to about $50
shutdown:

1. Calculated values of the prompt fundamental mode decay constants
agree well with experimentally determined values.

2. The "area'" method of Sjostrand for determining reactivity agrees
reasonably well with the calculated values over the entire range.

3. The "area" methods of Garelis-Russell and Gozani both predicted
reactivities that are consistently higher by 10 to 20 percent than the
calculated values and were in agreement with each other.

4. All of the ares methods are sensitive to an accurate experimental
determination of the equilibrium delayed neutron background.

5. The method of Simmons snd King gave values for the reactivity
considerably lower than the calculated values over most of the range of
solution heights considered. The method fails because the value of B/1
used is that at delayed critical which changes strongly with increasing
subecriticality.
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PROMPT FUNDAMENTAL MODE DECAY CONSTANTS
FOR NASA SOLUTION REACTOR

‘ SOLUTION HEIGHT PROMPT FUNDAMENTAL MODE
! FROM CRITICALITY, DECAY CONSTANT, g, (SEC”1)
“AH (CM) CALCULATED EXPERIMENTAL*

0 116 128 + 0.6

0.13 145 156 + 0.5

. 0.26 174 181 + 0.5
0.51 225 234 % 0.5

= 0.76 280 289 + 0.5
o 1.03 340 348 + 0.6

. ¥ 2.01 590 572+ 1.2
5] 3.06 870 840 + 2.3
4.04 1170 1110 + 2.4

5. 08 1520 1434 + 3.3

6.12 1890 1791 + 3.4

7.10 2275 2159 1 5.2

8. 14 2740 2548 + 5.8

9.15 3240 3008 + 6.2

10. 65 4070 3795 + 11

12.17 5100 4626 + 14

*INDICATED ERRORS ARE STANDARD DEVIATIONS BASED ON
COUNTING STATISTICS ONLY. CS-44795
TABLE I

REACTIVITIES FOR NASA SOLUTION REACTOR

SOLUTION HEIGHT REACTIVITY, -P ($)®
FROM.ACHRl(TC',\(/:‘?L”Y' CALC. | SJOSTRAND GOZANI GARELIS- SIMMONS -
RUSSELL KING**
0.13 0.26 | 0.23 +0.002| 0.24 + 0.001 A 0.34
0.26 0.52 | 0.49 £ 06.003; 8.51 + 0.002) 0,35+ 0,004 0.56
0.51 1.04 1.08 + 0.01 1.12 + 0.01 0.99 + 0.01 1.02
0.76 1.53 1.71 + 0.01 1.80 £ 0.01 1.76 £+ 0.01 1.49
1.03 2.07 2.29 + 0.01 2.41 £ 0.01 2.40 £ 0.02 2.00
2.01 4.30 | 4.78 + 0.05 5.12 £ 0.05 5.08 + 0.07 3.93
3.06 6.93 | 7.50 1+ 0.10 8.22 £ 0.10 8.13 + 0.17 6.24
4.04 9.60 | 9.94 +0.12 [11.08 + 0.13 [10.95 + 0.27 8.57
5.08 13.00 |12.79 + 0.17 |14.66 + 0.19 | 14.48 + 0.43 11.36
' 6.12 16.80 | 16.36 + 0.20 |19.24 + 0.23 | 19.06 + 0.60 14. 44
7.10 20.60 {20.36 + 0.32 |24.09 + 0.38 |23.82 + 1.1 17. 61
8.14 25.50 [25.32 £ 0.44 |30.15 + 0.52 [29.43 + 1.7 20.97
- 9.15 30.90 30.36 + 0.68 (35.82 + 0.80 [35.32 + 2.1 24,93
10. 65 40.70 38.65 t 1.2 45.57 + 1.4 43.99 + 3.8 31.72
12.17 53.40 [ 47.45 + 1.6 52.98 + 1.8 53.96 + 6.1 38.88
*EXPERIMENTAL ERRORS ARE STANDARD DEVIATIONS BASED ON COUNTING

STATISTICS ONLY.
**BASED ON CALCULATED a. OF 116.

***NOT OBTAINABLE FROM DATA. CS-44199
TABLE 11
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TYPICAL PULSING GEOMETRY FOR UNREFLECTED
NASA SOLUTION REACTOR
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IDEAL DETECTOR RESPONSE TO PULSED NEUTRON SOURCE
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Figure 3.

DETERMINATION OF REACTIVITIES FROM EXPERIMENTAL DATA

A. MODIFIED PULSED NEUTRON EXPERIMENTS
L. SIOSTRAND

-p($) - PROMPT NEUTRON AREA

DELAYED NEUTRON AREA

2. GOZANI

_p($) - EXTRAPOLATED PROMPT FUNDAMENTAL MODE AREA
p DELAYED NEUTRON AREA

3. GARELIS-RUSSELL

a
"
pi$) c + 1

WHERE ¢ SATISFIES

T ot /r /T
</ U Nptty dt + [ Nd(t) dt
/0 NpteCt ot = /7 Np .

B. PULSED NEUTRON EXPERIMENTS
1. SIMMONS-KING
a-a
¢ CS-44193
Figure 4.

-pi$) =
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EFFECTIVE MULTIPLICATION FACTOR VS. REACTOR HEIGHT
NH/NU=235 < 975
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EFFECTIVE DELAYED NEUTRON FRACTION VS. REACTOR HEIGHT
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DECAY CONSTANTS FOR NASA SOLUTION REACTOR
NHINU-235 - 975
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REACTIVITIES FOR NASA SOLUTION REACTOR
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